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A. Appendix
A.1 Theory of Special Relativity
The theory of special relativity is based on the following axioms:
1. Constancy of the velocity of light: the vacuum velocity of light is the same
in all uniformly moving systems, namely c ≈ 3 · 108 m/s. No information
propagates faster than light.
2. Relativity principle: physical laws are equally valid in all inertial systems,
i.e. there is no preferred reference frame.
The relativity principle encompasses the homogeneity of space and time as
well as the isotropy of space according to which there is no preferred point
and direction in space and time.
Due to these axioms, relativistic physical events are described mathemat-
ically within a fourdimensional space where the product of the speed of light
and time, x0 = ct, appears as an additional dimension on an equal footing
with the three space dimensions x1, x2, x3.
Minkowski space. The Minkowski space is a fourdimensional linear vector
space over the body of real numbers. Its elements xμ are represented by














0(t) = ct .
The scalar product of two four-vectors is deﬁned as
(xμ) · (yμ) = xμgμνyν = xμyμ = xμgμνyν = (xμ) · (yν) ,
with the non-Euclidean metric tensor (1. index=row index, 2. index=column
index)
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μαgαν = gμν = δ
μ
ν .
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Notation. Additionally, there exist the following conventions:
• Vectors with an upper index are called contravariant, and those with a
lower index are called covariant. This can be transferred to tensors of higher
rank. For example, Tμνρ is a twofold contravariant and onefold covariant
tensor of rank 3.
• Two indices, one of which is an upper and the other a lower index, are
summed over so that the summation sign can be dropped (Einstein sum
convention).
• The metric tensor can be used to pull upper indices down and vice versa.
For example:
xμ = gμνxν , Tμνρ = gμαTανρ = gμαgνβTαβγ = gμαgνβgργTαβγ etc.
Accordingly, the co- and contravariant vectors xμ and xμ diﬀer solely by
their spatial components.
Contrary to the threedimensional Euclidean case, the norm of a four-vector
is not positive deﬁnite. Instead, the following cases can occur:
xμx






< 0 (space-like) ,
where the classiﬁcation corresponds to the vector’s position relative to the
light cone xμxμ = 0.
Lorentz transformations. The axioms of the theory of special relativity
imply that the fourdimensional “distance” between two four-vectors xμ and
yμ is preserved in any inertial system:
(x− y)μ(x− y)μ = (x′ − y′)μ(x′ − y′)μ .
Lorentz transformations describe the relativistic transition from one inertial
system to another. They are deﬁned by the linear transformational equation
xμ → x′μ = Λμνxν + aμ , (aμ) = space-time translation (A.1)
of contravariant vectors. Along with the conservation of distance, one obtains
from this the conditional equation
ΛμαgμνΛ
ν
β = gαβ (A.2)
as well as the corresponding transformational behavior of covariant vectors
x′μ = gμνx
′ν = gμν (Λναxα + aν) = xβ [Λ−1]βμ + aμ ,




αβ = Λμβ , [Λ−1]βμΛ
μ
γ = gμνΛναgαβΛμγ = δβγ .(A.3)
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In matrix notation the condition (A.2) reads ΛT gΛ = g and corresponds to
the property RTR = 1 of rotational matrices of threedimensional Euclidean
geometry. Lorentz transformations with aμ = 0 constitute the homogeneous
Lorentz group. Besides the distance, they also leave the scalar product of two
four-vectors unchanged: xμyμ = x′μy′μ. For the general case, (a
μ) = 0, one
obtains the inhomogeneous Lorentz group or Poincare´ group which is not
considered here.
The homogeneous Lorentz group can be classiﬁed in the following way:
















Contrary to all others, the transformations of the proper Lorentz group L can
be interpreted as a series of inﬁnitesimal transformations. Noninﬁnitesimal or
discrete transformations are, for example, the parity transformation (space
reﬂection)
P : x0 → x′0 = x0 , xk → x′k = −xk
and Racah time reﬂection
R : x0 → x′0 = −x0 , xk → x′k = xk .
The orthochronous group consists of the proper transformations L, the space
reﬂection P , and their products P · L. The homogeneous group is composed
of the transformations L, P , R, and their products.
Transformational behavior of diﬀerential operators. Taking into ac-
count xν = [Λ−1]νμx

































is Lorentz-invariant, i.e. a Lorentz scalar.
Relativistic kinematics. In order to write down the equations of motions
of relativistic mechanics Lorentz-covariantly1 (form invariantly), we must
reformulate the Newtonian quantities of velocity, momentum, and force in
such a way that they have a deﬁned transformational behavior under Lorentz









is a Lorentz scalar since, due to the conservation of the scalar product, we
have
dτ2 = dt2 − 1
c2
dx2 = dt′2 − 1
c2
dx′2 (dτ2 > 0 for time-like vectors) .
































, m0 = rest mass
























1 In this book, as in many other textbooks, the transformational behavior of rela-
tivistic four-quantities is called “Lorentz-covariant” regardless of the subtle dif-
ference between “covariant” and “contravariant”. The same holds for relativistic
equations whose form remains unchanged under Lorentz transformations. Quan-
tities and equations are called “Lorentz-invariant” if their value is unchanged by
Lorentz transformations (Lorentz scalar).
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The ﬁrst force equation also represents the Lorentz-covariant equation of mo-
tion of relativistic mechanics, whereas the second equation is the threedimen-
sional relativistic analogon of Newton’s equation. In the case of a conservative
force ﬁeld F = −∇V (x), the latter leads to the energy conservation
E = mc2 + V (x) = const =⇒ E = mc2 for V = 0
and, together with the deﬁnition of pμ, the energy-momentum relation for
free particles
pμp
μ = p20 − p2 = m20c2 ⇐⇒ E2 = p2c2 + m20c4 .
It is not always possible to formulate a given mechanical problem covariantly
via (A.4) since not all types of forces allow a fourdimensional generalization.
One example of this kind is the Coulomb force. As a static long range force, it
requires an inﬁnitely high propagational velocity, thus being in contradiction
to the ﬁrst axiom of special relativity.
Lorentz-covariant electrodynamics. The basic equations of classical elec-
trodynamics are the four Maxwell equations
∇E(x, t) = 4πρ(x, t)


















(in the Gaussian unit system), the continuity equation
∂ρ(x, t)
∂t
+ ∇j(x, t) = 0
that follows from the ﬁrst and fourth Maxwell equation, as well as the Lorentz
force








describing the force acting on a particle with charge q due to its movement
through the ﬁelds E and B.
That these equations can be formulated Lorentz-covariantly, i.e. that they
are in accordance with special relativity, can be shown as follows:
• First, the continuity equation can be immediately brought into the form
∂μj





showing explicitly its Lorentz covariance, provided that jμ is a four-vector.
However, this follows from the experimental fact that the charge q is a
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Lorentz scalar: dq = d3xρ = d3x′ρ′. Thus, dq transforms as a fourdimen-
sional volume element d3xdx0 = d3x′dx′0 and, consequently, ρ as the 0-th
component of a four-vector.
• Introducing the scalar potential φ and the vector potential A,




= −∇φ(x, t) , (A.7)












































j ⇐⇒ ∂μ∂μA = 4π
c
j
that are symmetric in A and φ. Since ρ and j are the components of a
four-vector and ∂μ∂μ is a Lorentz scalar, the last three equations can also
be cast into a manifestly Lorentz-covariant form:
∂μA
μ = 0 , ∂μ∂μAν =
4π
c






• Knowing that jμ and Aμ are four-vectors, the Lorentz covariance of
Maxwell’s equations themselves can be shown in the following way: ﬁrst,
we rewrite the deﬁning equations (A.7) as





0 −Ex −Ey −Ez
Ex 0 −Bz By
Ey Bz 0 −Bx





where the ﬁeld strength tensor Fμν must be a twofold contravariant (anti-
symmetric) tensor transforming as
F ′μν = ΛμαΛνβFαβ .
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+1 if (μναβ) even permutation of (0123)
−1 if (μναβ) odd permutation of (0123)
0 else ,
the remaining inhomogeneous Maxwell equations (A.5) acquire the covari-
ant form
∂μG
μν = 0 .
• Contrary to the Coulomb force, the Lorentz force (A.6) allows a relativistic
































= F L .
A.2 Bessel Functions, Spherical Bessel Functions















f(x) = 0 , m ∈ R .























, J−m(x) = (−1)mJm(x) .
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+ 1− l(l + 1)
x2
]
f(x) = 0 , l = 0, 1, 2, . . . .
Its solutions are the spherical Bessel functions jl, nl (the latter are also called













l (x) = nl(x)± ijl(x) .






























−s , Rl, Sl ∈ R .
Rl and Sl are polynomials in 1/x of order l with real coeﬃcients and parity
(−1)l and −(−1)l respectively. For any linear combination fl = ajl + bnl, a, b
ﬁxed, we have the recursion formulae














































































A.3 Legendre Functions, Legendre Polynomials,
Spherical Harmonics











f(x) = 0 ,
with l = 0, 1, 2, . . ., m = 0, . . . ,±l. Its limited solutions within the interval






(x2 − 1)l . (A.9)
Pl,m is the product of (1−x)m/2 with a polynomial of order l−m and parity
(−1)l−m, and it has l − m zeros within the interval [−1 : 1]. We have the
following recursion formulae (P−1,... = 0):
(2l + 1)xPl,m = (l + 1−m)Pl+1,m + (l + m)Pl−1,m
(1− x2) d
dx
Pl,m = −lxPl,m + (l + m)Pl−1,m
= (l + 1)xPl,m − (l + 1−m)Pl+1,m








Legendre polynomials. In the case of m = 0 the Legendre polynomials
follow from (A.9) as





(x2 − 1)l .
Pl is a polynomial of order l with parity (−1)l and possesses l zeros within the
interval [−1 : 1]. The Legendre polynomials can be obtained by expanding
the functions (1− 2xy + y2)−1/2 in powers of y:
1
√
1− 2xy + y2 =
∞∑
l=0
ylPl(x) , |y| < 1 . (A.10)
The ﬁrst ﬁve Legendre polynomials are







(5x3 − 3x) , P4(x) = 18(35x
4 − 30x2 + 3) .
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Spherical harmonics. The spherical harmonics Yl,m are deﬁned as the
eigenfunctions of the quantum mechanical angular momentum operators L2
and Lz:
L2Yl,m = h¯2l(l + 1)Yl,m , l = 0, 1, 2, . . .
LzYl,m = h¯mYl,m , m = 0, . . . ,±l .














They form a complete orthonormal function system on the unit circle. This




















Yl,m(π − θ, ϕ + π) = (−1)lYl,m(θ, ϕ) .
• Complex conjugation:
Y ∗l,m(θ, ϕ) = (−1)mYl,−m(θ, ϕ) .







Pl,m(cos θ)eimϕ , m ≥ 0 .

















xx′ = rr′ cosα , cosα = sin θ sin θ′ cos(ϕ− ϕ′) + cos θ cos θ′ ,
it follows that







′, ϕ′)Yl,m(θ, ϕ) .































′, ϕ′)Yl,m(θ, ϕ) .



























3 cos2 θ − 1) .
A.4 Dirac Matrices and Bispinors
The Dirac matrices {α1, α2, α3, β} and {γ0, γ1, γ2, γ3} as well as γ5 and σμν
are deﬁned representation-independently by
{αi, αj} = 2δij , {αi, β} = 0 , α2i = β2 = 1 , αi = α†i , β = β†
γ0 = β , γi = βαi , γμ = gμνγν
γ5 = iγ0γ1γ2γ3 = −iγ3γ2γ1γ0 = γ5 , σμν = i2 [γ
μ, γν ] .
This implies the following identities:
{γμ, γν} = 2gμν (Cliﬀord algebra) , (γμ)2 = gμμ
γ5 = − i
4!
μναβγ
μγνγαγβ , γ25 = 1




















γμσαβγργμ = 2γρσαβ .
Traces:




tr(γμγνγαγβ) = 4(gμνgαβ − gμαgνβ + gμβgνα)
tr(γ5γμγνγαγβ) = −4iμναβ = 4iμναβ .
Hermitean conjugation:
γ0† = γ0 , γi† = −γi , γ5† = γ5
γ0γμγ0 = γμ† , γ0γ5γ0 = −γ5†
γ0γ5γμγ0 = (γ5γμ)†
γ0σμνγ0 = σμν† .






















































, C = iγ2
γμWeyl = U

































, C = 1
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γμMajorana = U

























Dirac bispinors. The bispinors u(p, s), v(p, s), as well as their adjoints
u¯(p, s) = u†(p, s)γ0, v¯(p, s) = v†(p, s)γ0, fulﬁll the Dirac equations in mo-
mentum space (h¯ = c = 1, p0 =
√
p2 + m20):
(/p−m0)u(p, s) = 0 , (/p + m0)v(p, s) = 0
u¯(p, s)(/p−m0) = 0 , v¯(p, s)(/p + m0) = 0 .
Normalization:
u¯(p, s)u(p, s) = 1 , v¯(p, s)v(p, s) = −1










































u¯(p′, s′)γμu(p, s) =
1
2m0
u¯(p′, s′) [(p′ + p)μ + iσμν(p′ − p)ν ]u(p, s)
v¯(p′, s′)γμv(p, s) = − 1
2m0
v¯(p′, s′) [(p′ + p)μ + iσμν(p′ − p)ν ] v(p, s)
u¯(p′, s′)γμv(p, s) =
1
2m0
u¯(p′, s′) [(p′ − p)μ + iσμν(p′ + p)ν ] v(p, s)
v¯(p′, s′)γμu(p, s) = − 1
2m0
v¯(p′, s′) [(p′ − p)μ + iσμν(p′ + p)ν ]u(p, s) .
Index
action functional, 19, 120
active transformation, 21, 23
adiabatic approximation, 186, 189, 210
adjoint
– bispinor, 92, 95, 96
– Dirac equation, 95, 97, 120
– Klein-Gordon equation, 20
advanced propagator, 180, 182, 198
angular momentum operator, 358
annihilation
– electron-positron, 274, 278, 284
– pion-antipion, 346
– scattering, 262, 275, 345
anomalous magnetic moment, 118, 158
anti
– electron (positron), 110
– kaon, 17
– neutrino, 132




(spin-0) antiboson, 17, 28
– factor, 331, 341
– wave function, 14, 26, 323
(spin-1/2) antifermion, 112, 131
– factor, 252, 280
– wave function, 107, 130, 211
antilinear transformation, 13, 106
approximation
– adiabatic, 186, 189, 210
– dipole, 315
– external ﬁeld, 77
– mass shell, 302, 308
– nonrelativistic, 3, 13, 30, 240, 314
– reduced mass, 77
– ultrarelativistic, 240
atom
– hydrogen-like, 169, 172, 313
– nucleus, see nucleus
– pion, 15, 72, 73, 77
axial vector, 100, 132
backward propagation, 26, 130, 182,
205, 211, 321, 323
Baker-Hausdorﬀ expansion, 54
bare
– charge, 111, 292, 300
– mass, 292, 303
Bessel
– diﬀerential equation, 69, 167, 355
– function, 69, 167, 355
β-decay, 131
Bhabba scattering, 265
bilinear form, covariant, 95, 99
bispinor, 88, 91, 133
– adjoint, 92, 95, 96
– charge conjugated, 109




boost, 24, 123, 133
Bose-Einstein statistics, 276, 328, 341
(spin-0) boson, 5, 17, 28
– factor, 331, 341
– propagator, 320
– wave function, 14, 26, 323
box normalization, 192, 320
braking radiation, 308, 317
Bremsstrahlung, 308, 317
canonical form, 8, 91
Cauchy integral theorem, 197
causality principle, 180, 206, 207, 233,
320, 343
charge
– bare, 111, 292, 300
– color, 112
– conjugated bispinor, 109
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– current conservation, 43
– current density, 13, 14
– electric, 9, 14, 91, 107
– interpretation, 14
– nucleus, 72, 79, 82
– operator, 38
– renormalized, 299, 301, 306, 309
– strangeness, 17
charge conjugation, 14, 107
– extended, 27, 130
charge density, 13, 14, 30
– radial, 81
Clebsch-Gordan coeﬃcient, 164





– wave length, 3
Compton scattering
– against electrons, 268, 274, 283
– against pions, 336, 340
conservation
– current, 43, 144
– energy, 195, 235, 243
– four-momentum, 235, 253, 281
– momentum, 235, 243
continuity equation, 8, 9, 90, 92, 96,
353
continuum normalization, 9, 11, 92
contravariance, 350, 352
convection current density, 149, 311
correspondence principle, 4, 34
Coulomb
– force, 353
– potential, 15, 73, 169
Coulomb scattering
– nonrelativistic, 193
– of electrons, 224, 231, 317
– of pions, 324, 326
counter term, 303
coupling
– constant, 82, 253, 281, 323
– minimal, 6, 8, 89, 91, 153
– spin-orbit, 157
– spin-spin, 100, 172
– vector-axial vector, 132
covariance (form invariance), 24, 93,
350, 352
covariant
– bilinear form, 95, 99
– form, 8, 96
creation, electron-positron, 288
cross section, 190, 193, 280
– (un)polarized, 226–228
crossing symmetry, 264, 271, 276, 289,
346, 347
current
– conservation, 43, 144
– current interaction, 223, 234, 327
– electron, 234, 242, 246, 311
– transition, 234, 242, 246, 311, 327
current density
– charge, 13, 14
– convection, 149





– parameter, 297, 298, 317










– Feynman, 191, 213, 242
– tadpole, 292
– tree/loop level, 223, 254, 293, 319






– Hamilton operator, 91, 118
– matrices, 91, 96, 97, 359
– particle, see fermion
– representation, 88, 93, 360
– sea, 16, 109, 111, 214
– solution, free, 89, 92, 113
– wave packet, 141, 149
Dirac equation, 118–120
– adjoint, 95, 97, 120
– radial, 166
– time-independent, 143, 166
– with potential, see potential
direct scattering, 244, 255, 327
divergence
– infrared, 304, 306, 317
Index 365





electric charge, 9, 14, 91, 107
electrodynamics, 353
– quantum, 173, 177, 178
electromagnetic interaction, 6, 28, 89
electron, 109, 152, 158, 203
– (transition) current, 234, 242, 246,
311
– anomaly, 312
– electron scattering, 255, 260
– hole, 109, 214
– positron annihilation, 274, 278, 284
– positron creation, 288
– positron scattering, 261, 265, 292
– propagator, see fermion propagator
– proton scattering, 232, 240, 244, 250
– wave function, see fermion wave
function
energy
– conservation, 195, 235, 243
– continuum, positive/negative, 15, 109
– density, 20, 120
– dipole, 312
– interval, forbidden, 6, 63, 89, 167
– momentum relation, 4, 18, 114, 353
– momentum tensor, 19, 120
– negative, 6, 12, 89, 107
– projector, 103, 105
– rest, 3, 52, 152
– shift (Lamb shift), 172, 173, 313, 316
– threshold, 297, 304
– zero point, 111
even operator, 35, 138
exchange scattering, 249, 256, 327
expectation value, 2, 108
– generalized, 32
exponential potential, 82
extended charge conjugation, 27, 130
external
– background potential, 223, 254, 267
– ﬁeld approximation, 77
– self-energy, 294, 304
– vacuum polarization, 294, 300
Fermi
– constant, 131
– Dirac statistics, 257, 263, 281
(spin-1/2) fermion, 89, 112, 131
– factor, 252, 280
– loop, 281, 290, 295
– wave function, 107, 130, 211, 234
fermion propagator, 204, 205
– renormalized, 303, 306
Feshbach-Villars=FV
– FV-momentum representation, 36,
139
– FV-representation, 35, 38, 138, 141
– FV-transformation, 38, 141
Feynman
– rules, 223, 252, 269, 280, 331, 341
– Stu¨ckelberg interpretation, 26, 130,
203, 205, 213, 320




– strength tensor, 354





forbidden energy interval, 6, 63, 89, 167
form
– canonical, 8, 91
– factor, 242
– Hamilton, 11
– Lorentz-covariant, 8, 96
Fouldy-Wouthuysen transformation,
53, 57, 153, 156
four
– current density, 96
– force, 352
– momentum, 4, 93, 103, 105, 352
– momentum conservation, 235, 253,
281
– momentum transfer, 132, 239, 243
– polarization, 102, 105




– propagator, 198, 206, 233, 321
– wave packet, 40, 142
Furry theorem, 290
γ-matrices, 96, 97, 359
– trace theorems, 216
Gamma-function, 174
gauge
– invariance, local, 6, 89, 296
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– Lorentz, 233, 354
– radiation, 267, 273
– transformation, local, 7, 90
Gauss unit system, 233, 269, 353
generalized=G
– G-Ehrenfest theorem, 34
– G-expectation value, 32
– G-Hermitean operator, 32, 46
– G-orthonormal states, 32
– G-scalar product, 30, 32
– G-unitary operator, 33, 46
Gordon decomposition, 148, 361
Green function calculus, 179, 203, 233,
320





– Dirac theory, 91, 118
– Klein Gordon theory, 11
– nonrelativistic, 2
Hankel function, 69, 356
Heisenberg
– picture, 33, 34
– scattering matrix, 187, 188
– uncertainty relation, 3, 40
helicity, 103, 132, 229
– operator, 103
Hermitean operator, 1, 11, 32, 112
Hilbert space, 1
hole, 109, 214
– theory, 16, 109, 214
homogeneity of space and time, 184,
206, 349
hydrogen-like atom, 169, 172, 313
hyperﬁne structure splitting, 172
identical particles, 255, 280, 328
improper Lorentz transformation, 24,
29, 128, 136
inertial system, 4, 93, 349
infrared
– catastrophe, 308, 317
– divergence, 304, 306, 317
integrability, 68, 74, 75, 174
interaction
– current-current, 223, 234, 327
– electromagnetic, 6, 28, 89
– strong, 28, 177, 319





– Nishina formula, 273
– paradox, 42, 143
Klein-Gordon
– Hamilton operator, 11
– particle, see boson
– solution, free, 9, 11, 18
– wave packet, 40, 49
Klein-Gordon equation, 8, 11, 20, 320
– adjoint, 20
– radial, 67
– time-independent, 42, 67
– with potential, see potential
Lagrange
– density, 19, 120
– equation, 19, 120
Lamb shift, 172, 173, 313, 316
Lande´ factor, 153, 312
left-handed neutrino, 132
Legendre




light-like four-vector, 266, 350
local
– gauge invariance, 6, 89, 296
– gauge transformation, 7, 90
loop
– diagram/level, 223, 254, 293, 319
– fermion, 281, 290, 295
– photon, 341
Lorentz
– boost, 24, 123, 133
– contravariance, 350, 352
– covariance, 93, 350, 352
– covariant form, 8, 96
– force, 353, 355
– gauge, 233, 354
– group, 351
– invariance, 352
– like symmetry transformation, 24,
29, 128, 136
Lorentz rotation, 123
– spatial, 24, 125, 127
Lorentz transformation, 350
– improper, 24, 29, 128, 136
– proper, 24, 121, 123
Møller scattering, 260
Index 367
magnetic moment, 152, 312
– anomalous, 118, 158
magneton, Bohr, 310
Majorana representation, 360
many-particle theory, 16, 177
mass
– bare, 292, 303
– reduced, 76
– renormalized, 303, 305
– rest, 9, 91
mass shell
– approximation, 302, 308
– condition, 284
Maxwell equations, 7, 233, 353
meson, 336
metric tensor, 349
minimal coupling, 6, 8, 89, 91, 153
Minkowski space, 349




– conservation, 235, 243
– energy relation, 4, 18, 114, 353
– energy tensor, 19, 120
– index, 6, 14, 89, 105, 109
– operator, 2, 36
– radial, 67, 164
– representation, 36, 39, 252
– transfer, 194, 239
motion reversal transformation, 25, 129




natural unit system, 224, 335
negative energy, 6, 12, 89, 107










– approximation, 3, 13, 30, 240, 314
– Coulomb scattering, 193
– Hamilton operator, 2
– quantum mechanics, 1, 178
normalization
– box, 192, 320
– continuum, 9, 11, 92
nucleon, 342
nucleus, 15, 72, 76
– charge, 72, 79, 82
– number, 77
– radius, 72, 77, 316
– spin, 172
observable, 1, 32
odd operator, 35, 138
one-particle
– concept/interpretation, 3, 16, 30, 41,
43, 79, 112, 137, 141, 143
– operator, 33, 35, 38, 48, 138, 141, 147
one-photon vortex, 324
operator
– angular momentum, 358
– charge, 38
– even/odd, 35, 138
– G-Hermitean, 32, 46
– G-unitary, 33, 46
– Hamilton, 2, 11, 91, 118
– helicity, 103
– Hermitean, 1, 11, 32, 112
– momentum, 2, 36
– one-particle, 33, 35, 38, 48, 138, 141,
147
– position, 2, 36
– projection, 103–105, 361
– sign, 48, 147
– spin, 100, 102, 126
– unitary, 12, 33
– velocity, 35, 137
Oscillator-Coulomb potential, 77
pair
– annihilation, 111, 215
– creation, 44, 110, 214
paradox, Klein, 42, 143
parity, 65, 132, 163
– transformation, 24, 128, 351
particle
– annihilation, see pair annihilation
– creation, see pair creation
– current density, 191, 193, 236, 325
– detector, 185
– identical, 255, 280, 328
– real/virtual, 53, 214, 242, 254, 266
– resonance, 63, 66
– spin-0, see boson
– spin-1/2, see fermion
– spin-1, see photon
368 Index
– transformation, 145
passive transformation, 21, 23
Pauli
– equation, 152, 158
– matrices, 10, 361
– principle, 16, 109
– spinor, 174
– Villars procedure, 296
PCT -transformation, 26, 130
PCT
– theorem, 28
– transformation, 29, 136
penetration
– depth, 44, 71, 144
– probability, 64
perturbation theory, 76, 223, 313
phase space factor, 192, 236, 243
photon
– factor, 269, 280
– loop, 341
– polarization, 267
– wave function, 267
photon propagator, 233
– renormalized, 300, 301
picture-independent scalar product, 12,
33, 112
pion, 17
– (transition) current, 327
– antipion annihilation, 346
– antipion scattering, 345
– atom, 15, 72, 73, 77
– pion scattering, 327, 330
– production via electrons, 331, 334
– wave function, see boson wave
function
Poincare´ group, 24, 121, 351
polarization, 102, 105, 226
– degree, 230
– index, 105, 109
– photon, 267






– operator, 2, 36
– representation, 2, 36, 39
– uncertainty, 40, 85
positron, 110, 111, 203
– wave function, see antifermion wave
function
potential
– Coulomb, 15, 73, 169
– exponential, 82
– external background, 223, 254, 267
– modiﬁed, 320
– Oscillator-Coulomb, 77
– step, 42, 143
– well, 62, 70, 160, 168
principle
– causality, 180, 206, 207, 233, 320, 343
– correspondence, 4
– Pauli, 16, 109
– relativity, 5, 23, 349
probability
– amplitude, 187, 188
– current density, 91, 149
– density, 11, 30, 91
– penetration, 64
projector
– energy, 103, 105
– spin, 104, 105
propagation, backward, 26, 130, 182,
205, 211, 321, 323
propagator
– advanced, 180, 182, 198
– boson, 320
– fermion, 204, 205
– Fourier decomposition, 198, 206, 233,
321
– photon, 233
– renormalized, see renormalization
– retarded, 180, 182, 198
– scattering formalism, 223, 319
– theory, 182, 203, 205
proper Lorentz transformation, 24, 121,
123
proton, 118, 158
– (transition) current, 234, 242, 246
– tensor, 250
– wave function, see fermion wave
function
pseudo
– scalar, 24, 99
– vector, 100
quantization condition, 65, 75, 163, 171
quantum
– chromodynamics, 177, 319
– electrodynamics, 173, 177, 178
– ﬁeld theory, 28, 42, 81, 177, 254
– ﬂavourdynamics, 177
– ﬂuctuation, vacuum, 173, 254, 295
Index 369
quantum mechanics
– nonrelativistic, 1, 178
– relativistic, in the narrow sense, 1,
85, 177
quark, 112, 319
Racah time reﬂection, 29, 136, 351
radial
– charge density, 81
– Dirac equation, 166
– Klein-Gordon equation, 67
– momentum, 67, 164
– velocity, 164
radiation
– braking, 308, 317
– catastrophe, 16, 109
– correction, 173, 223, 254, 293
– ﬁeld, 173, 233, 293, 303
– gauge, 267, 273
– transition, 15
radius, Bohr, 77
reciprocal transformation, 13, 106
reduced mass, 76
– approximation, 77
reﬂection, 43, 64, 143, 161
– space, 24, 128, 134, 351
– time, Racah, 29, 136, 351
– total, 45
regularization, 296
– polarization function, 297
– polarization tensor, 296
– self-energy, 304
relativity
– principle, 5, 23, 349
– theory, special, 349
renormalization, 111, 292, 300
– charge, 299, 301, 306, 309
– constant, 292, 301, 305
– fermion propagator, 303, 306
– mass, 303, 305
– photon propagator, 300, 301
– vortex, 308, 309
representation
– Dirac, 88, 93, 360
– Feshbach-Villars, 35, 38, 138, 141
– Majorana, 360
– momentum, 36, 39, 252
– position, 2, 36, 39
– Weyl, 88, 93, 360
repulsion, 76, 233, 316
residue theorem, 198, 208
rest
– energy, 3, 52, 152
– mass, 9, 91




– spatial, 24, 125, 127
Rutherford scattering, 193, 195
scalar, 24, 99, 352
scalar product, 1, 92, 349
– generalized, 30, 32
– picture-independent, 12, 33, 112
scattering, 43, 144, 185
– annihilation, 262, 275, 345
– Bhabba, 265
– Compton, 268, 274, 283, 336, 340
– Coulomb, 193, 224, 231, 317, 324,
326
– direct, 244, 255, 327
– electron-electron, 255, 260
– electron-positron, 261, 265, 292
– electron-proton, 232, 240, 244, 250
– exchange, 249, 256, 327
– formalism, 223, 319
– Møller, 260
– matrix, Heisenberg, 187, 188
– Mott, 227, 231, 326
– pion-antipion, 345
– pion-pion, 327, 330
– Rutherford, 193, 195
scattering amplitude, 187
– Dirac theory, 211
– Klein-Gordon theory, 322
– Schro¨dinger theory, 188
Schiﬀ-Snyder eﬀect, 73
Schro¨dinger
– equation, 2, 4, 182
– picture, 2, 33
screening, 77, 300
sea, Dirac, 16, 109, 111, 214
seagull
– scattering amplitude, 336, 338
– vortex, 338, 339
self-energy, 292, 293, 301, 305
– external, 294, 304
self-energy function, 302
– regularized, 304
series of multiple scatterings, 212, 323
shaky movement, 49, 149, 157
sign operator, 48, 147
slash notation, 203
smearing, 38, 57, 140, 156
370 Index
space
– reﬂection, 24, 128, 134, 351
– time translation, 350
space-like four-vector, 266, 350
spectroscopy, 75, 172
spherical harmonics, 67, 164, 358
– spinor, 164, 175
spin
– current density, 149
– ﬂip, 144, 145
– index, see polarization index
– nucleus, 172
– operator, 100, 102, 126
– orbit coupling, 157
– projector, 104, 105
– spin coupling, 100, 172
– sum, 215, 226
spin-0 particle, see boson
spin-1/2 particle, see fermion
spin-1 particle, see photon
spinor
– Pauli, 174
– spherical harmonics, 164, 175
splitting
– ﬁne structure, 173
– hyperﬁne structure, 100, 172
stability of matter, 16, 109
state density, 192
statistics
– Bose-Einstein, 276, 328, 341
– Fermi-Dirac, 257, 263, 281
step
– function, 180, 196
– potential, 42, 143
strangeness charge, 17
strong interaction, 28, 177, 319
symmetry transformation, 23
– Lorentz-like, 24, 29, 128, 136




– energy-momentum, 19, 120
– ﬁeld strength, 354
– metric, 349
– polarization, 295, 296
– proton, 250
theorem
– PCT , 28
– γ-matrices, 216
– Cauchy, 197
– Ehrenfest (generalized), 34, 137
– Furry, 290
– residue, 198, 208
Θ-function, 180, 196
Thomas precession, 157
threshold energy, 297, 304
time
– order, 207, 215, 245
– reﬂection, Racah, 29, 136, 351
– reversal transformation, 25, 129, 134
time-independent
– Dirac equation, 143, 166
– Klein-Gordon equation, 42, 67
time-like four-vector, 266, 350
total
– cross section, 190, 193, 281
– reﬂection, 45
trace theorems with γ-matrices, 216
transformation
– active, 21, 23
– antilinear, 13, 106
– bispinor, 94, 96, 114, 123, 134
– Feshbach-Villars, 38, 141
– Fouldy-Wouthuysen, 53, 57, 153, 156
– local gauge, 7, 90
– Lorentz, (im)proper, 24, 29, 121, 123,
128, 136
– motion reversal, 25, 129
– parity, 24, 128, 351
– particle, 145
– passive, 21, 23
– PCT , 26, 130
– PCT , 29, 136
– reciprocal, 13, 106
– symmetry, see symmetry transforma-
tion
– time reversal, 25, 129, 134
transition
– amplitude, 187




transmission, 43, 64, 143, 161
tree diagram/level, 223, 254, 293, 319
tunnel eﬀect, 63, 160
two-photon vortex, 339
ultrarelativistic approximation, 240
ultraviolet divergence, 293, 296, 302,
306
uncertainty
– position, 40, 85
– relation, Heisenberg, 3, 40
Index 371
unconnected Feynman diagram, 294
unit system
– Gauss, 233, 269, 353
– MKS, 224, 335
– natural, 224, 335
unitary operator, 12, 33
vacuum, 109, 111, 209, 349
– ﬂuctuation, 173, 254, 295
vacuum polarization, 53, 111, 293, 295,
301
– external, 294, 300
vector, 99
– axial, 100, 132
– axial vector coupling, 132
– pseudo, 100
velocity
– operator, 35, 137
– radial, 164
virtual particle, 53, 214, 242, 254, 266
vortex, 190, 213
– correction, 293, 306, 309
– function, 306
– one-photon, 324
– renormalized, 308, 309
– seagull, 339
– two-photon, 339
Ward identity, 307, 309
wave function, 2
– photon, 267
– spin-0 (anti)boson, 14, 26, 323
– spin-1/2 (anti)fermion, 107, 130, 211
wave packet
– Dirac, 141, 149
– Fourier decomposition, 40, 142
– Klein-Gordon, 40, 49
weak interaction, 28, 131, 177, 319
well potential, 62, 70, 160, 168
Weyl representation, 88, 93, 360
zero point energy, 111
Zitterbewegung, 50
